The near-net-shape casting technology is an important process unattainable with traditional die-making processes. The key of this process is how to guarantee the safety application of dies. In this paper, the microstructures and thermal fatigue (TF) behavior of Cr-Ni-Mo hot work die steel modified by rare earth (RE) were investigated. The grains of cast Cr-Ni-Mo hot work die steel are refined by RE modification. With the increase of RE addition, both grain size and inclusion amount are reduced. The morphology and distribution of inclusions are improved by appropriate RE modification. RE modification favors fine plate martensite. When the residual RE content reaches 0.02 %, no obvious changes in strength and hardness are found, while fracture toughness is increased. The impact toughness, elongation and reduction of cross sectional area are increased by a factor of two. The influence of microstructure on initiation and propagation of thermal fatigue crack was also studied. The results show that the microstructures have apparent effect on resistance to TF crack initiation and propagation. Steel with microstructure of martensite and bainite dual phase have higher resistance to thermal fatigue than that of martensite owing to the loosing stress increase. Wrought process increases TF crack initiation resistance, however, lowers TF crack propagation resistance compare to cast process KEY WORDS: hot work die steel; thermal fatigue; microstructure; rare earth.
Introduction
The near-net-shape casting technology are replacing the traditional die-making processes which consists of ingotforging-machining. Die with approximate final dimension can be directly cast without the need of forging and with the least finish allowance and reproduction of scrap dies. This process gradually turns to a new die-making method, which has been applied in many developed countries. [1] [2] [3] However, the key of this process is how to improve the strength and toughness of the hot-work die steel, which guarantee the safety application of dies. Our earlier works reveal that RE composite modification can granulate eutectic carbides, resulting in higher strength and toughness of cast M2 steel and cast cold work die steels, and consequently these cast tool and die steels can be used in special applications. [4] [5] [6] CHD steel is a new type cast hot-work die steel developed by our group. Through optimization of composition design and RE composite modification, steel with higher strength and toughness with 10-100 % higher service life than commercial die steel 4Cr2MoVNi can be obtained. The steel will have wide application prospects in automobile, mechanical industries, and agricultural industries. 7, 8) In this paper, the influence of RE composite modification on microstructure and properties and related mechanisms are studied.
During the die fill process, mechanical stress analysis on hot work die has shown that the highly stressed transition radii of the die subjected to cyclic plastic deformation which causes crack initiation. 9, 10) When working with high temperature workpieces, the surface of the die undergoes further thermal cycling (usually from 250 to 550°C), which is the result of successive hot forging, waiting periods and lubricating. Therefore, the hot work die is subjected to thermomechanical fatigue (TMF). As TMF testing requires expensive equipment and is time-consuming, the fatigue life prediction with varying temperature is usually based on isothermal fatigue (IF) laboratory tests run at the maximum operating temperature. However, rapid temperature changes, combined with high temperature gradients inside the hot work die, induce thermal fatigue (TF) loading. Furthermore, it is now well recognized that IF data may not be sufficient for the prediction and evaluation of TMF life.
11) TMF and IF of Cr-Ni-Mo cast hot work die steel has been investigated in our preview work.
11) However, its resistance to TF has not yet been tested though it may well be the important life-limiting factor for cyclically operated die fill process. TF is an important phenomenon for hot work die steel. In the process of TF the die material undergoes periodic heating and cooling, and the surface and bulk of the material are usually damaged to different degrees. Therefore, it was decided to perform TF test on the Cr-Ni-Mo hot work die steel.
Experimental
The compositions of the Cr-Ni-Mo cast hot work die steel are shown in Table 1 . The test materials were melted by medium frequency induction furnace, using non-oxidation method. After deoxidization with Al at 1 600°C, the melt was poured with addition rare earth (RE) into the ladle for modification. The impact samples (10 mmϫ10 mmϫ 50 mm, U-notch), hardness samples (10 mmϫ10 mmϫ20 mm) were cast in sand moulds and polished afterwards. Microstructure examinations were carried out by using H-800 TEM and Amray-1000B SEM. The TF specimens were machined to a final size of 40 mmϫ20 mmϫ6 mm with a hole in one end. An additionally notch with a gage width of 0.2 mm and length 6mm, as shown in Fig. 1 , was machined by using electrospark machining for the investigation of TF crack initiation and propagation.
Before final machining, the following heat treatment processes were performed: a): Austenizing heating to 1 020°C for 1 h, oil quenching, tempering for 2 h at 440°C and air cooling. The microstructure is mainly composed of martensite, bainite and some fine carbides. 12, 13) This specimen was marked with M-B c . The wrought specimen with same heat treatment process was marked with M-B w . b): Austenizing heating to 1 020°C for 1 h, water quenching, tempering for 2 h at 200°C and air cooling. The microstructure is mainly composed of martensite and some fine carbides. This specimen was marked with M c . The wrought specimen with same heat treatment process was marked with M w .
The TF testing was done at self-restrained TF test set-up. The TF test is designed to be simple and to be able to test multiple specimens at the same time. Four specimens are tested at one time, giving a good comparison under identical testing conditions. Test rigs with resistance heating and water cooling were available for rapid thermal cycling of the specimens. The temperature was controlled using thermocouples, which spot welded to the specimens. A series of TF tests were conducted at a temperature range between 25 and 600°C. A TF cycle included heating at for 75 s up to the maximum cycle temperature (T max ), follows by water cooling during 4 s to 25°C (T min ) without hold time. The TF tests were regularly interrupted for observation by optical and scanning electron microscopy in order to determine the evolution of surface topology, the crack initiation and propagation on the specimens, for the respective cycle numbers. After every 100 cycles, the specimens are removed from the holding plate for evaluation. Two opposite faces of the specimens were mechanically polished, then each specimen were examined under a stereo microscope at a magnification of 80ϫ. The crack length and numbers were recorded. Finally, the hardness of the specimen is measured at the center of one of the polished faces.
Results and Discussion

Effect of RE on Microstructure of Cast Hot Work
Die Steel Figure 2 shows the effect of RE on grain size of specimens quenched from 1 020 and 1 100°C. It is found that grain size decreases after RE modification. The more RE residual amount, the finer the grain size was obtained. This may be attributed to the fact that RE increases the activation energy of austenite grain boundary migration. 14) Preview works suggest that some RE compounds, such as RE 2 O 3 and RE 2 S 3 etc., can act as the kernels of austenite and carbide eutectic during solidification. 4, 5) It also fines grains size of austenite.
The quenched structure of the M-B c cast hot-work die steel is a mixture of martensite laths, martensite plates and bainite. Without modification, the quenched structure is characterized by wide martensite plate, a small amount of martensite lath, which include twins, with large inter-plate distances as shown in Figs. 3(a) and 3(b) . It is found through TEM that RE modification results in narrow-plate and short-spaced martensite with dislocation-dominated substructure and twin martensite disappears, as shown in Figs. 3(c) and 3(d). X-ray diffraction pattern reveals that dislocation density of the samples modified by RE reaches 8.75ϫ10 12 /cm 2 at room temperature. It is approximate one order higher than that of unmodified samples.
In dislocation martensite, dislocation movement can relax local stress concentration, consequently delay crack initiation. Once crack initiates, dislocation movement reduces stress peak at the crack tip to impede crack propagation, thus increases the toughness. On the other hand, RE modification leads to appearance of retained austenite in lath martensite. 7) This improves further the toughness. In particular, during cooling, the primary bainite separates the original austenite grains into shorter and finer martensite. This also greatly improves the strength and toughness.
Effect of RE on Mechanical Properties
The effect of RE modification on mechanical properties of CHD steel is shown in Table 2 . After RE modification, impact toughness, plasticity and elongation rate increase with increasing RE composite modifier. A peak value is reached as the residual RE is 0.02 (wt)%. These properties are deteriorated with further increase of RE content, while the hardness and strength change only slightly. RE composite modification also improves fracture toughness and fatigue crack propagation threshold DK th . So it can be concluded that proper amount of modifier addition improves properties of CHD steel in general. Figure 4 shows the effect of RE modification on TF crack growth. It is shown that RE modification improves the TF resistance. Many studies show that the addition of a small amount of RE is an effective method to improve the resistance to TF. 15, 16) Inclusions, especially sulfides, heavily deteriorate strength and toughness of steels. Unmodified samples reveal many bar-type inclusions with quasi-cleavage fracture, as shown in Fig. 5(a) . After RE modification, inclusion amount is reduced evidently, and the inclusions turn to an evenly-distributed spheroidized form with dimple rupture surface, as shown in Fig. 5(b) . According to thermal dynamic condition of RE inclusion formation and practical conditions, the affinities of RE elements with oxygen and sulfur are larger than those with Mn and Al. RE elements are liable to conjugate reactions with oxygen and sulfur, forming RE inclu- Table 2 . Effect of Re modification on mechanical properties of Cr-Ni-Mo hot work die steel. sions with small spherical shape such as RE 2 O 2 S, RE 2 S 3 .
Effect of RE on TF of Cast Hot Work Die Steel
17)
They effectively prohibit brittle fracture promotion along grain boundaries. The existence of inclusion is very harmful to thermal fatigue resistance. Inclusions can be regarded as hole due to their low elastic modulus and are sites of stress concentration. Their thermal expansion coefficient is also different from steel matrix. For example, the expansion coefficient of MnS (18.1ϫ10
Ϫ6°CϪ1
) 18) and the matrix of steel (12.551ϫ 10
) have great difference. The inclusion contract at a faster speed and form cavities which act as sources of thermal fatigue crack. Meanwhile, cavities are liable to aggregation of gas atoms, which accentuates oxidation. 20) On the contrary, RE inclusions such as RE 2 O 2 S and RE 2 S 3 have similar expansion coefficient (10.4-12.7ϫ10
) and elastic modulus to the matrix of steel, 18) and their morphology and distribution are more homogeneous. Furthermore, the addition of RE enhances hot corrosion resistance during thermal cycles. All these factors favor the improvement of TF. However, extra amount of RE would cause formation of continuous inclusion chains that aggravate the resistance to thermal fatigue. 14) 
Effect of Microstructures on TF of Cast Hot Work
Die Steel Figure 6 shows main crack length of M c and M-B c as a function of the number cycles, respectively. It is can be seen that the TF crack-initiation of M-B c life is longer than that of M c specimen. After a period of crack initiation, the crack propagation rates of two specimens increase rapidly, since the stress intensity factor increases with increasing the crack length. The crack propagation rate of M c is higher than that of M-B c . Figure 7 are the SEM micrographs of M-B c and M c before the appearance of cracking. Surface wrinkling was appeared in the grain boundary. It is due to the system of slip bands causing extrusions and intrusions. The slip bands piled up at the grain boundaries and transgrannular cracking was initiated on slip bands. This appears to be the principal mechanisms for crack initiation. Figure 8 shows crack propagation micrographs of two specimens. As seen from Figs. 8(a) and 8(b) , the cracks of sample M c propagate almost along a main crack in the tested scope. Several microcracks, however, were observed on the both sides of the main crack in sample M-B c . These microcracks propagate intend to stop, or at a lower rate due to stress relax after several thermal cycles. The geometry relaxation phenomenon 20) has been reported to be caused by occurrence of many micro cracks or formation of micro crack near the tip of main crack, slowing down main crack propagation rate and enhancing the anti fatigue property. During the process of obtaining M-B dual phases microstructure by quenching, the original austenite grain was divided by the initially formed bainite into some small area where the sequent martensite was refined, and a great amount of phase boundary was induced. All these factors increase the strength and toughness of the microstructure, and are beneficial to the resistance to thermal fatigue crack initiation. The combination of a great amount of phase boundary and refinement of martensite lead to formation of many micro branches around the main thermal fatigue crack, slowing down the propagation stress and propagation rate and increasing the resistance to thermal fatigue crack propagation. In addition, the formation of micro crack is of more interest to engineering application than coarse crack, because some dies is not been discarded immediately when crack is formed in operation, but is used continuously after a layer is remove from it. And the micro crack is easier to be removed.
Effect of Process on TF
The variation of thermal fatigue crack length in the number of thermal cycle for M-B microstructure of as-forged and as-cast CHD die steel is presented in Fig. 9 . It reveals that the initiation lifetime of as-forged microstructure is longer than that of as-cast counterpart, amounting to about 1 600 cycles. During propagation of thermal fatigue crack period, the crack propagates much faster in as-forged M-B microstructure than in as-cast counterpart. Observation suggests that after a certain number of thermal cycles the micro crack is formed clearly in as-forged microstructure, its position has intense influence on resistance to thermal fatigue, even surpasses the influence of kind of microstructure. The reason lies in the orient of as-forged microstructure, i.e. anisotropy, and in the meantime the microstructure is unstable in thermal cycles due to the energy greatly accumulated by repeated kneading and forging. Even though with less orientation in original microstructure, fiber microstructure is increasingly enhanced as thermal cycle increased, and finally a lot of micro cracks are formed. When micro crack is near main crack, they are joined together, causing rapid propagation of total crack as shown in Fig. 10 and sudden dart of thermal fatigue cracks in as-forged microstructure. This shortens the failure process of materials. However, because the as-cast microstructure presents isotropy, no matter in what direction the crack propagate, it has to consume more energy to either circle or break through dendrite, therefore slowing down the propagation. Experimental results displayed that the as-cast microstructure gain an advantage over as-forged microstructure in resistance to thermal fatigue propagation.
Conclusions
The microstructures, properties and TF behavior of Cr-Ni-Mo hot work die steel modified by rare earth have been investigated. The main conclusions are summarized as follows.
(1) The grains of cast Cr-Ni-Mo hot work die steel are refined by RE modification. With the increase of RE addition, both grain size and inclusion amount are reduced. The morphology and distribution of inclusions are improved by appropriate RE modification. RE modification favors fine plate martensite. When the residual RE content reaches 0.02 %, no obvious changes in strength and hardness are found, while fracture toughness is increased. The impact toughness, elongation and reduction of cross sectional area are increased by a factor of two.
(2) The influence of microstructure on initiation and propagation of thermal fatigue crack was also studied. The results show that the microstructures have apparent effect on resistance to TF crack initiation and propagation. Steel with microstructure of martensite and bainite dual phase have higher resistance to thermal fatigue than that of martensite owing to the loosing stress increase. Wrought process increases TF crack initiation resistance, however, lowers TF crack propagation resistance compare to cast process
